Abstract A grazing incidence flat-field spectrograph using a concave grating was constructed to measure extreme ultraviolet (EUV) emission from a CO2 laser-produced tin plasma throughout the wavelength region of 5 nm to 20 nm for lithography. Spectral efficiency of the EUV emission around 13.5 nm from plate, cavity, and thin foil tin targets was studied. By translating the focusing lens along the laser axis, the dependence of EUV spectra on the amount of defocus was investigated. The results showed that the spectral efficiency was higher for the cavity target in comparison to the plate or foil target, while it decreased with an increase in the defocus distance. The source's spectra and the EUV emission intensity normalized to the incident pulse energy at 45
Introduction
The extreme ultraviolet (EUV) emission from hot dense micro-plasmas such as laser-produced plasmas is important for basic spectroscopic studies as well as for various applications, for example, in the field of inertial confinement fusion and soft X-ray lasers [1∼3] . Recently, much effort has been devoted to developing an efficient and clean laser-produced plasma (LPP) light source at 13.5 nm for next generation extreme ultraviolet lithography (EUVL). The strong unresolved transition arrays (UTA) in a tin LPP centered near 13.5 nm offer a promising source of EUV radiation for the next generation of lithography in the semiconductor industry [4, 5] . Various lasers, including Nd: YAG lasers, discharged pumped excimer lasers, fiber lasers, and CO 2 lasers have been studied to generate an efficient 13.5 nm EUV emission [6∼8] . High in-band conversion efficiency (CE) from laser to 13.5 nm EUV light has been obtained from CO 2 laser-produced tin plasma due to its lower opacity and debris [9∼17] . From the application point of view, there is a desire to obtain detailed information on the shapes and intensity of the EUV spectra of tin plasma and an insight into the mechanisms that determine the intensity of the in-band radiation. In this work, a grazing incidence flat-field spectrograph coupled with an X-ray charge-coupled device (CCD) camera for detection of time-integrated spectra was designed and built to record EUV spectra from the CO 2 laser-produced tin plasma in the 5∼20 nm bands at a fixed angle with respect to the target normal. The spectral efficiency was investigated to further understand the interaction of CO 2 laser with tin plasma under the conditions favorable to efficient generation of 13.5 nm EUV light.
Experimental setup and design of the flat-field spectrograph
The experimental apparatus consists of a vacuum chamber, a transversely excited atmospheric CO 2 laser as a driver, and an EUV detection system, as shown schematically in Fig. 1 . The chamber and the EUV detection system were evacuated to a pressure of 10 −4 Pa with a turbo-molecular pump to avoid EUV absorption. Experiments were carried out using a CO 2 laser beam focused onto the surface of a tin plate and tin thin foil target at normal incidence by a meniscus ZnSe lens with a focal length of 9.525 cm placed inside the vacuum chamber. A part of the CO 2 laser beam was detected with a photon drag detector in front of the entrance window of the chamber to monitor the waveform and the incident energy of the CO 2 laser. The lens and the target were both placed on a step motor controlled in-vacuum translation stages. That allowed for the lens to be moved in and out of focus, with a step of 0.1 mm. The target was also translated parallel to its surface plane to obtain a fresh surface for each measurement. For the purpose of studying the EUV emission from laser-produced plasmas we have developed a flat-field spectrometer with a mechanically aperiodically ruled concave gold coated flat-field grating (FFG) with a radius of curvature of R= 5649 mm fabricated by Hitachi, Ltd. For the grating we used, the groove density is given by σ(
, where x is the distance measured from the grating center along the x axis (see Fig. 2 ), σ(x) is the groove density at x, σ 0 = 1200 grooves/mm is the nominal groove density at the center of the grating, b 2 = −20, b 3 = 455.8, and b 4 = −11840 are varied-spacing ruling parameters. The groove spacing varies from 0.690 µm to 0.985 µm across the 50 mm grating surface. A schematic diagram of the grazing-incidence flat-field concave grating spectrograph is shown in Fig. 2 . The imaging properties of this spectrograph with a concave grating can be analyzed by the grating equation
where k is the diffraction order, λ is the wavelength, α and β are the incidence and diffraction angles, respectively. We can see that the diffraction angle β is not only a function of the incidence angle α and diffraction wavelength λ, but also varies with the position along the grating surface. The focal positions as a function of the incidence angles for the entrance slit, placed at a distance of 237 mm from the grating, by using a geometrical ray-tracing method are shown in Fig. 3 [18] . As can be seen in Fig. 3 , the images of the spectral lines are focused on the flat plane placed 235 mm from the grating apex over the wavelength region 5∼40 nm and the incidence angle α is 87
• . The first-order diffraction efficiency of the grating is ∼10% and the grating is blazed at an angle of 3.2
• . From the grating Eq. (1), we can calculate that the blaze wavelength is ∼10 nm, where α = 87
• and β = 80.6
• are the incidence and diffraction angles, respectively. The concave grating imaged the dispersed light uniformly onto a plane, where a flat detector was located to record the spectrum. The detector was a back-illumination-type X-ray CCD with a 1340×400 pixel array from Princeton Instruments. It was used to record EUV emission at 45
• to the target surface normal. A 500 nm thick, calibrated zirconium (Zr) metal filter was used in the spectrometer to select the wavelengths from 6.5 nm to 16.8 nm. The transmission at 13.5 nm of the 500 nm thick Zr filter was around 18%. For every energy of incident laser pulse, the spectrum was recorded by accumulation of three laser shots with an automatic background subtraction. As shown in Fig. 2 , the angle of diffraction β determines the wavelength λ to be measured. The wavelength λ is given, as a function of angle α and position y along the CCD plane, by the following:
where d = 1/σ is the groove period, α= 87
• is the incidence angle, L = 235 mm is the distance between the grating center and CCD plane, β 0 and y 0 are the diffraction angle and position along the CCD plane for the known wavelength λ 0 , respectively. Once the parameters of β 0 and y 0 for the known wavelength λ 0 are obtained, the wavelength λ can be calculated by using Eq. (2). Using the EUV wavelength calibration, the spectrum recorded by our spectrograph is shown in the next section (see Figs. 5, 6, 8) and the EUV emission peak wavelength is exactly 13.5 nm.
Experiment and results
The experiment was done using the setup shown in Fig. 1 . The CO 2 laser pulse duration was set to be about 70 ns (FWHM, shown in Fig. 4 ) with about 600 mJ output energy by adjusting the pressure ratio of the gases to CO 2 : N 2 : He = 120 : 50 : 450 mbar to suppress the N 2 contribution. Under the identical incident pulse laser conditions introduced above, the EUV spectral images and distributions for pure tin targets in the form of a few µm thin foil, a 4 mm thick plate and a laser-ablated cavity target (obtained by ten successive laser shots on the same spot) were measured. Fig. 5 shows the EUV emission spectra measured for the tin plate target and laser-ablated cavity target along with the spectrum for the tin thin foil target with the raw data registered by the X-ray CCD camera (below). Tin spectra show the expected broad band emission, originating from the Sn 8+ to Sn 12+ ions with the ground configuration, [Kr]4p 6 4d n , where n = 2 to 7. Most of the lines in the spectral region around 13.5 nm come from the transitions between the excited configurations, 4p 5 4d n+1 and 4p 6 4d n−1 4f 1 . These energy levels are so close that the radiation generated in the EUV regime can be considered as a continuum unresolved transition array. Using the spectrograph described above the emission lines of the single transitions could not be separated. It is evident that the peaks of UTA based on the tin cavity target demonstrate a higher intensity with a simultaneously narrower spectral width in comparison to the emission from the tin foil deposited onto the Cu metal substrate target. The profile width (FWHM) of the UTA peak is wider in the case of the thin foil target (∼2.3 nm wide) as compared to the plate target (∼1.1 nm wide) and the cavity target (∼0.7 nm wide). This originates from the fact that the greater electron density causes the higher EUV opacity and higher electron temperature in the cavity target due to the confinement of the plasma by the cavity. Hence the geometrical hydrodynamic confinement prevents the energy loss from the EUV production zone. The enhancement of EUV emission at 13.5 nm from a CO 2 laserproduced Sn plasma using a cavity target was verified by Ref. [10] . The dependence of the EUV emission spectra of laser-produced tin plate plasmas on the incident laser energy in the spectral range from 6.5 nm to 16.8 nm was investigated. The incident laser energy was varied by the GaAs crystal or CaF 2 attenuator placed in front of the ZnSe window leaving the pulse laser spatial profile unaltered. In Fig. 6 the spectra for five different incident laser energies are presented. The conversion efficiency is the ratio of energy radiated by the EUV source in a 2% bandwidth around 13.5 nm to the input laser energy of the EUV source. The EUV radiation from the laser-produced tin plasma is really not isotropic and it is a function of the viewing angle. Moreover, it should be noted that only some part of the EUV radiation is passing through the slit depending on the width of the slit and the image size. The normalized in-band EUV radiation intensity over applied laser energies at a fixed angle of 45
• with respect to the target normal for the plate target is given in Fig. 7 . In the presented energy dependence EUV spectral measurements, it is assumed the focal spot position, spot size, as well as the image size are fixed. It is shown that the maximum conversion efficiency of emission at an angle of 45
• occurs for the laser energy near our experimental value of 343 mJ. For the pulse energy bigger than the optimal one, a greater portion of the radiated energy appears at shorter wavelengths, and for smaller than the optimal irradiance the plasma is insufficiently heated to emit at 13.5 nm. At the optimal laser irradiance the ionization abundance of the plasma shifts toward Sn 8+ to Sn 12+ which contributes primarily to in-band UTA radiation. • with respect to the target normal for the tin plate target as a function of the incident laser pulse energy (color online)
The dependence of the EUV spectra on the amount of defocus was also studied by translating the focusing lens along the laser beam axis using a step motor. In the following discussions, the positive value of the defocus distance indicates that the focal spot is located beyond the target surface or vice versa. Fig. 8 shows the dependence of the EUV spectra on the amount of the defocus for the plate target. Evidently a narrower emission feature near 13.5 nm was obtained without the defocusing. It reveals that the spectral efficiency, i.e., the ratio of the in-band EUV emission energy to the total tin plasma radiation energy, decreases with the increase in the defocus distance. Because the conversion efficiency is the product of the laser absorption efficiency, the efficiency of absorbed energy to the whole radiation energy, and the spectral efficiency, achieving a spectral shape leading to a large spectral efficiency is the first thing we have to do. Fig.8 The dependence of EUV spectra on the defocus distance (color online)
Conclusion
In conclusion, the grazing-incidence flat-field spectrometer using the concave grating with varied groove spacing coupled with the X-ray CCD camera was developed to measure EUV spectra emitted from the CO 2 laser-produced tin plasma in the 6.5∼16.8 nm wavelength region. The spectral efficiency of EUV emission from laser-created tin cavity, tin plate and thin foil plasmas was investigated. The UTA peak is wider in the case of the foil target in comparison to the plate and cavity target. The dependence of EUV spectra on the amount of defocus also shows that the width of the spectral peak around 13.5 nm increases with the defocusing. The spectral narrowing increases the in-band conversion efficiency and definitely reduces the thermal load to EUV collection optics. For different incident laser energies, the emission into 13.5 nm at 45
• with respect to the target normal increases to some extent with the incident laser energy. Our results indicate that the highest conversion efficiency corresponds to the incident laser energy of around 343 mJ for the case of the plate target.
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